Background/Aims: Estradiol (EST) reduces the risk of stroke and decreases the incidence and progression of the disease because of its neuroprotective roles in inhibiting cell death that occurs in response to a variety of neuronal stimuli such as inflammation and oxidative stress. In this study, we determined the role played by autophagy and Nrf2-ARE signal pathways in the hippocampus regions in modulating cerebral ischemia under different EST conditions. Methods: Western blot analysis and ELISA were used to determine the protein expression of autophagy and Nrf2-ARE pathways; and the levels of pro-inflammatory cytokines (PICs) and a key marker of oxidative stress. Results: Lacking of EST amplifies autophagy and attenuates Nrf2-ARE pathway in the hippocampus CA1 region. Blocking autophagy alleviates neurological deficits following cerebral ischemia with lacking of EST levels and the effects of autophagy are associated with PIC and oxidative stress. Conclusions: EST influences the protein expression of autophagy and Nrf2-ARE signaling in the brain, which is linked to the pathophysiological processes of PICs and oxidative stress. Moreover, inhibition of autophagy plays a beneficial role in modulating neurological deficits after cerebral ischemia observed under conditions of a lower level of EST.
Introduction
The major gonadal sex hormone, estradiol (EST), plays potent neurotrophic and neuroprotective roles in immature and adult brain [1] . In particular, clinical studies have shown that EST reduces the risk of stroke and decreases the incidence and progression of the disease [2] [3] [4] . EST also inhibits cell death that occurs in response to a variety of neuronal stimuli, including pro-inflammation and oxidative stress [1, 5] . Nevertheless, it is necessary to have a better understanding of the cellular mechanisms responsible for EST in involvement of cerebral ischemia.
As an alternative cell death programs, autophagy is considered as an important nonapoptotic cell death pathway [6, 7] . It is a cellular catabolic process that contributes to quality control and maintenance of the cellular energetic balance through the turnover of protein and organelles in lysosomes. Induction of autophagy recruits proteins and lipids from different intracellular membranes that sequester cytoplasmic material and deliver it through vesicular fusion to lysosomes for degradation [8] . Autophagy occurs constitutively at a basal level, but can also be induced by both physiological and pathological stimuli. As autophagy can be stimulated in both adult and neonatal animals, it has been suggested to contribute to ischemic neuronal injury [9] . However, the role of autophagy as a mediator of cell death is controversial. Some studies have shown that autophagy contributes to ischemic tissue injury [10] [11] [12] [13] , whereas others have shown that the induction of autophagy plays a protective role and improves neuronal cell death [14] .
Specifically, the previous studies demonstrated that autophagy signal is engaged in protecting cell death caused by ischemic brain injury [11, 15, 16] ; however, there is lacking of evidence showing that female sex hormones such as EST influences on autophagy signal. Therefore, in the current study we examined autophagy signal pathways in the hippocampus regions of control mice with lacking of EST and mice with EST replacement. We also determined the involvement of pro-inflammatory cytokines (PICs) and oxidative stress in autophagy signal as EST was lacking. In addition, we determined the effects of blocking autophagy on neurological deficits following cerebral ischemia with different EST levels.
Nuclear factor (erythroid-derived 2)-like 2 (Nrf2, also known as NFE2L2) is a transcription factor and as a basic leucine zipper protein it regulates the expression of antioxidant proteins that protect against oxidative damage triggered by injury and inflammation [17] . Numerous drugs that stimulate the Nrf2 pathway have been studied for treatment of diseases that are caused by oxidative stress [18] . Under normal or unstressed conditions, Nrf2 is kept in the cytoplasm by a cluster of proteins that degrade it quickly [19] [20] [21] . Under oxidative stress, Nrf2 is not degraded, but instead travels to the nucleus where it binds to a DNA promoter and initiates transcription of anti-oxidative genes and their proteins [19] [20] [21] . In the nucleus, it combines (forms a heterodimer) with a small Maf protein and binds to the antioxidant response element (ARE) in the upstream promoter region of many anti-oxidative genes, and initiates their transcription [21] . Thus, in this study we further examined the engagement of Nrf2-ARE pathway in the hippocampus regions of control mice with lacking of EST and mice with EST replacement.
We hypothesized that lacking of EST upregulates representative autophagy signal including Atg5, LC3 (cytosolic LC3 and autophagosomes bound part of LC3) and Beclin 1 and decreases the levels of p62 protein [also called sequestosome 1 [(SQSTM1), a maker of autophagic flux], and attenuates expression of Nrf2 and Nrf2-regulated NADPH quinone oxidoreductase-1 (NQO1) in the hippocampus regions. We further hypothesized that blocking autophagy alleviates neurological deficits following cerebral ischemia with lacking of EST levels and the effects of autophagy are associated with PICs and oxidative stress.
Materials and Methods

Animals
All experimental procedures were in accordance with the guidelines of the International Association for the Study of Pain and were approved by the Animal Research Committee of our medical institution. A total of one hundred twenty female C57BL/6 mice (12-15 weeks old) were used in this study. Under isoflurane anesthesia, a sham operation or bilateral ovariectomy was performed. A week after the surgery, the ovariectomized mice received subcutaneous implantation of a placebo or pellets (Innovative Res., Sarasota, FL) containing sex hormone releasing over a 21-day period [22] . In additional group, ovariectomized mice received injection of 3-methyladenine (3-MA, 15 mg/kg/day, i.p.). Accordingly, the mice were divided into four groups: sham control (n=16); placebo (PBO, n=15); treatment of 17β-EST (EST: 0.05 mg, n=15); and treatment of 3-MA (3-MA, n=19).
Determination of treatment effectiveness
In order to confirm the effectiveness of treatment, the levels of serum estrogen were measured at the end of 3 week-treatment (sham, PBO and EST; n=5 in each group). Briefly, the animals were anesthetized with an overdose of isoflurane, and blood was collected from the ophthalmic artery. Serum estradiol levels were measured using an EIA kit (Cayman Chemical, Ann Arbor, MI).
In addition, a vaginal smear was made on a glass slide in all animals. After drying the smear, slides were stained and analyzed for different phases of estrous cycle according to proportions of epithelial cells, cornified cells and leukocytes present in the smear. The smear in the ovariectomized mice showed typical patterns according to the hormone intervention. The mice who failed to show the estrous cycle stages were not included in this study.
Cerebral ischemia
In a subset of experiments, middle cerebral artery occlusion was performed in PBO and EST mice with and without administration of 3-MA. The mice were divided into four groups: PBO + ischemia (n=12); PBO + ischemia + 3-MA (n=10); EST + ischemia (n=8); and EST + ischemia + 3-MA (n=10). Cerebral blood flow was monitored using laser Doppler flowmetry (PeriFlux 5000; Sweden). During surgery, an occlusion was considered to be successful when blood flow declined to less than 15% of the pre-ischemic baseline level; otherwise, the animals were discarded. Following 1 hour of transient occlusion, cerebral blood flow was restored by removing the nylon suture for 24 hours.
Western blot analysis
To examine expression of autophagy and Nrf2-ARE pathways, the hippocampal tissues were processed using a standard Western Blot procedure. Briefly, total protein was extracted by homogenizing the hippocampal samples in ice-cold immunoprecipitation assay buffer. The lysates were centrifuged and the supernatants were collected for measurements of protein concentrations using a BCA reagent. After being denatured by heating at 95°C for 5 min in buffer, the supernatant samples containing 20 μg of protein were loaded onto 4-20% Mini-PROTEAN TGX gels and electrically transferred to a polyvinylidene fluoride membrane. The membrane was blocked in 5% nonfat milk in 0.1% Tween-TBS buffer and was incubated overnight with respective primary antibodies (rabbit anti-Atg5; anti-LC3/B; anti-Beclin 1; anti-p62/ SQSTM1; anti-Nrf2 and anti-NQO1, 1:250). Next, the membranes were washed and incubated with an alkaline phosphatase conjugated anti-rabbit secondary antibody (1:500). All antibodies were obtained from the Abcam Co. or Santa Cruz Biotech. The immunoreactive proteins were detected by enhanced chemiluminescence system. The bands recognized by the primary antibody were visualized by exposure of the membrane onto an x-ray film. The membrane was stripped and incubated with mouse anti-β-actin to show equal loading of the protein. Then, the film was scanned and the optical density of each protein as well as β-actin bands was analyzed using the Scion Image software. The values for densities of immunoreactive band/β-actin band from the same lane were determined. Each of the values was then normalized to a control sample.
ELISA
The levels of IL-1β, IL-6 and TNF-α were determined using an ELISA assay kit (Promega Corp. Madison, WI) according to the provided description and modification. Briefly, polystyrene 96-well microtitel immunoplates were coated with respective affinity-purified rabbit anti-IL-1β, anti-IL-6 and anti-TNF-α antibodies. Parallel wells were coated with purified rabbit IgG for evaluation of nonspecific signal. After overnight incubation at room temperature and 2 hours of incubation with the coating buffer containing 50 mM carbonate buffer (pH 9.5) in 2% BSA, the plate were washed with 50 mM Tris-HCl . After extensive washing, the diluted samples and IL-1β, IL-6 and TNF-α standard solution were distributed in each plate, respectively, and left at room temperature overnight. The plates were then washed and incubated with their respective anti-galactosidase per well. Then, the plates were washed and incubated with substrate solution. After an incubation of 2 hours at 37°C, the optical density was measured by using an ELISA reader.
The similar method was used to examine the levels of 8-isoprostaglandin F2 α (8-iso PGF2α, a reactive oxygen species production as an indicator of oxidative stress) in the hippocampal CA1 region following the manufacturer's instructions [commercially available enzyme immunoassay kit (8-iso PGF2α, Cayman Chemical Co.].
Neurological function and brain edema
The modified method of Neurological Severity Score (mNSS) was used to examine neurological functions in this study. It is noted that mNSS was generally used to assess a combination of motor, sensory, and balance functions [23] . Neurological function was graded on a scale of 0-18 (normal score, 0; maximal deficit score, 18). If we found that mNSS score of rats was > 0 before cerebral ischemia, this indicated that the animals were abnormal and they were excluded from the experiment.
Brain edema (brain water content) was determined 24 hours after cerebral ischemia. The brain slices (2 mm thick) of the hemispheres and cerebellum were cut. The whole brain water content was calculated from all slices. The brain slices were weighed to obtain the wet weight immediately and dried in an oven at 100 C• for 24 hours to obtain the dry weight. The cerebellum was used as the internal control. The water content was expressed as the following formula: [(wet weight) − (dry weight)]/(wet weight) × 100%.
Statistical analysis
All data were analyzed using a two-way repeated-measures analysis of variance. Values are presented as means ± SEM. For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 11.0.
Results
Levels of serum estrogen
First, serum estrogen levels were measured to confirm the efficacy of EST replacement. The serum estrogen levels were 8.9±1.5 pg/ml in the ovariectomized mice and 23.5±3.1 pg/ ml in the sham control mice (P<0.05, control vs. ovariectomized group; n=5 in each group). The serum estrogen levels were 27.7±4.2 pg/ml in mice with replacement of EST (n=5; P<0.05 vs. ovariectomized group). There were no significant differences in estrogen levels between control group and EST group (P>0.05). Figure 1 illustrates the protein expression of representative autophagy, including Atg5, LC3, Beclin 1 and SQSTM1. Atg5, LC3 and Beclin 1 were upregulated; whereas SQSTM1 was decreased in the hippocampus CA1 region of PBO mice as compared with control animals (P<0.05, control vs. PBO groups; n=6 in control and n=8 in PBO group). This figure also demonstrates that replacement of EST significantly attenuated the amplified autophagy (P<0.05, PBO vs. EST groups; n=8 in EST group). In contrast, Figure 1 further shows that the protein expression levels of Nrf2 and NQO1 were decreased in the CA1 region of PBO mice and EST can restore impaired Nrf2-ARE pathway (P<0.05, PBO mice vs. control and EST replacement; n=6-8). In order to determine effectiveness of 3-MA, we further examined expression of LC3 as well as Nrf2 in the CA1 of mice with lacking of EST that were injected with 3-MA (n=10), demonstrating that 3-MA significantly attenuated LC3, but failed to alter Nrf2. Figure 2 demonstrates that IL-1β, IL-6 and TNF-α were increased in the hippocampus CA1 of PBO mice (P <0.05 vs. control; n=16 in control and n=15 in PBO group). Likewise, 8-iso PGF2α was also increased in the hippocampus of PBO mice (P <0.05 vs. control, n=16 in control and n=15 in PBO mice). It is noted that replacement of EST significantly attenuated increases of PICs and 8-iso PGF2α (P <0.05 vs. PBO mice; n=15 in each of PBO and EST groups). There were no significant difference observed in the levels of PICs and 8-iso PGF2α between control group and EST group (P >0.05). In addition, administration of 3-MA significantly attenuated amplification of IL-1β, IL-6, TNF-α and 8-iso PGF2α induced by lacking EST (P <0.05 vs. PBO mice; n=19 in 3-MA group). Figure 3A & B show that cerebral ischemia increased Atg5 and decreased SQSTM1 in the hippocampus CA1 region of PBO mice and EST mice (P<0.05 vs. control). It is noted that the effects of ischemia were observed to be a less degree in EST mice (P<0.05 vs. PBO mice). As 3-MA was given, the changes of Atg5 and SQSTM1 were attenuated (P<0.05, 3-MA treatment vs. no treatment in PBO mice and EST mice). Likewise, Nrf2 and NQO1 were decreased in the CA1 region of PBO mice and EST mice after ischemia, but 3-MA failed to significantly alter impaired Nrf2 and NQO1. Figure 3C (left panel) shows that cerebral ischemia increased the mNSS in PBO mice (P<0.05 vs. control mice; n=16 in control and n=12 in PBO group). This figure further demonstrates that 3-MA significantly attenuated the impaired mNSS in animals following cerebral ischemia (P<0.05, ischemic mice with no treatment vs. ischemia mice with 3-MA; n=10 in ischemic group with 3-MA). Likewise, Figure 3 (right panel) shows that ischemia amplified water content of brain tissues in PBO mice and administration of 3-MA significantly attenuated increases of water content. In addition, cerebral ischemia elevated the mNSS and water content to a smaller degree in EST mice and the effects were significantly attenuated by 3-MA (P<0.05, vs. EST ischemic mice with no treatment; n=8 without 3-MA; and n=10 with injection of 3-MA).
Expression of autophagy in PBO mice and EST mice
PICs and 8-iso PGF2α in PBO mice and EST mice
Effects of 3-MA on autophagy and Nrf2 signal, and neurological function and brain edema after cerebral ischemia
Discussion
Ischemic stroke is a consequence of vascular occlusion [24] . The result is irreversible neural tissue injury, which is a major cause of death and disability worldwide [25] . As the world's population continues to age, the incidence of stroke is expected to grow, increasing the interest and need for novel approaches focused on improving the recovery and quality of life of stroke patients [24, 25] . Thus, it is necessary to have a better understanding of the cellular and molecular mechanisms responsible for cerebral ischemia. Clinical and experimental studies have suggested that a risk of stroke varies in male and female individuals [26] [27] [28] . Although the estrogen treatment of stroke is under debate, a decrease in ischemic brain damages is seen in adult female as compared with male in many models of induced global and focal cerebral ischemia [27] likely due to the levels of sex hormones. Though there are many mechanisms by which female sex hormones are involved in ischemic brain injuries [29] , there is lacking evidence showing a relation between female sex hormones and autophagy being involved in ischemic conditions. The purpose of the current study was to examine the effects of female sex hormones, namely EST on the protein expression levels of main autophagy indicators such as Atg5, cytosolic LC3 and autophagosomes bound part of LC3 and Beclin 1 in the hippocampal CA1 area. We also examined the role played by EST in regulating Nrf2-ARE signal pathway. We further determined if blocking autophagy can alter cerebral pro-inflammatory IL-1β, IL-6 and TNF-α, and a reactive oxygen species production, 8-iso PGF2α. Overall, data of this study showed that lack of EST upregulates Atg5, LC3 and Beclin 1 and attenuates Nrf2 and Nrf2-regulated NQO1 in the brain likely linking to exaggerated PICs and oxidative stress. Replacement of EST and/or blocking autophagy attenuates neurological deficits observed in ischemic mice likely via PIC and oxidative mechanisms.
In addition, our results further demonstrated that the changes of p62/SQSTM1, which is a protein selectively degraded by autophagy as a marker of the autophagy flux, were consistent with changes of representative autophagy. This specifically indicates that autophagy flux is engaged in the pathophysiological process when EST is lacking.
Moreover, we examined the effects of administration of 3-MA on representative autophagy Atg5 and Nrf2 signal, and neurological function and brain edema in PBO mice and EST mice after cerebral ischemia. Our data demonstrated that ischemia upregulated autophagy signal and downregulated Nrf2 signal and the effects appeared to be a greater degree in PBO mice. As 3-MA was given, increased expression of autophagy, worsened neurological function and brain edema induced by ischemia were largely improved. This is evidenced that autophagy is engaged in cerebral ischemia with lacking of EST. It is noted that Nrf2-ARE signal was not significantly altered by 3-MA, suggesting that its effects are likely independent of autophagy following cerebral ischemia.
A limitation of this study should be noted that we did not determine the direct effects of Nrf2 signal on neurological score in ischemic mice. Nonetheless, we observed that lack of EST attenuated Nrf2-ARE signal and replacement of EST can largely restore the protein expression levels of Nrf2 in the hippocampus and this treatment also improved neurological score in ischemic mice.
In general, certain cerebrovascular-related pathologies coincide with changes in circulating ovarian hormones in women, e.g., menstrual migraine and increased stroke risk postpartum and after menopause [30] [31] [32] . The influence of female sex hormones on the cerebral vasculature has important implications for a variety of disorders, in particular ischemic brain injury such as stroke [33] [34] [35] [36] [37] .
Specifically, estrogen has vascular and neuroprotective effects, in part, by improving blood flow during and after an ischemic insult [27, 30] . Estrogen treatment has also been shown to suppress a formation of experimental cerebral aneurysms [38, 39] . Estrogen enhances protective endothelial mechanisms with decreasing cerebrovascular inflammation and reactive oxygen species production. Nevertheless, the multiple mechanisms are responsible for the protecting effects of estrogen, including eNOS and inflammation etc. [27, 30] . In ovariectomized female animals, EST treatment significantly reduces the infarct volume and improves neuronal dysfunction after focal ischemia and EST inhibits neuronal cells death that occurs in response to oxidative stress and excitotoxic amino acids [40, 41] . Consistent with this notion, results of our current study further suggest that PICs and oxidative stress are engaged in the role played by EST and autophagy in regulating brain ischemic injuries.
Nrf2-ARE signal pathway has been considered to play a role in regulating the expression of antioxidant proteins thereby protecting against oxidative damage triggered by injury and inflammation [17] . In the present study, our data show that lacking of EST impairs the protein expression levels of Nrf2 and Nrf2-regulated NQO1 in the hippocampus. It was observed that Nrf2 is not significantly altered by blocking autophagy although PICs and reactive oxygen species production are effectively attenuated in the brain. This indicates that protective mechanisms by Nrf2-ARE are independent of autophagy following cerebral ischemia. Nevertheless, we found that EST replacement can restore impaired levels of Nrf2 and NQO1. Thus, activation of Nrf2-ARE pathway is implicated for benefits to ischemic brain diseases that are associated with inflammation and oxidative stress [18] .
Conclusions
Overall, circulating EST influences expression levels of autophagy and Nrf2-ARE signal pathway in the hippocampal CA1 region. Lacking of EST exaggerates PICs and oxidative stress and neurological deficits observed in mice after cerebral ischemia. Notably, inhibition of autophagy plays a beneficial role in modulating neurological deficits induced by cerebral ischemia under conditions of a lower level of EST, which is linked to the pathophysiological processes of pro-inflammation and oxidative stress.
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